Introduction
Photobacterium damselae subsp. damselae (hereafter Pdd) is pathogenic to marine animals and humans (Rivas et al., 2013b) . It is a primary pathogen of fish species of economic importance in aquaculture (Fouz et al., 1992) , and as we have described in recent reports, its isolation from new cultured fish species indicates that this bacterium is an emerging pathogen in marine aquaculture (Labella et al., 2011) . Most of the infections in humans have their origin in wounds exposed to seawater, or inflicted during use of tools and fish handling (Morris et al., 1982; Goodell et al., 2004; Aigbivbalu & Maraqa, 2009) .
Pdd isolates from marine animals and from humans exhibit haemolytic activity (Kreger, 1984; Fouz et al., 1993) . Pioneering studies described the production of damselysin (Dly), a phospholipase D with haemolytic activity (Kreger et al., 1987) . Recently, we found that Dly is encoded within pPHDD1, a 153-kb conjugative virulence plasmid that also encodes HlyA pl , a haemolysin of the pore-forming toxin family (Rivas et al., 2011) . A chromosome-encoded HlyA (hereafter HlyA ch ) that is 92% identical to plasmid-encoded HlyA pl is responsible of haemolysis in naturally occurring pPHDD1-negative strains, and is also present in pPHDD1-harbouring isolates (Rivas et al., 2013a) . The haemolytic phenotype in pPHDD1-harbouring strains is a consequence of synergistic and additive effects of Dly and the two HlyAs (Rivas et al., 2013a) . However, pPHDD1 plasmid is only found in a fraction of strains, and various diverse haemolytic phenotypes can be found within the subspecies. In addition, the genetic basis of the lack of haemolysis in the rarely reported nonhaemolytic Pdd strains is so far unknown. The closely related bacterium P. damselae subsp. piscicida, the causative agent of fish pasteurellosis, lacks observable haemolytic activity on sheep blood agar plates (Magariños et al., 1996) .
In the present study we conducted a PCR screening of the three haemolysin genes in 45 Pdd isolates from different origins and with different haemolytic phenotypes. We also studied the genetic context of the hlyA ch gene, and the sequence variability of hlyA pl and hlyA ch alleles in different strains. The aims of this study were to assess the correlation between haemolysin gene content and haemolytic phenotype, and to gain new insight into the genetic variability of haemolysis determinants in Pdd. Our results suggest that horizontal gene transfer has played a main role in shaping the haemolysin gene content in this pathogen.
Materials and methods

Bacterial strains, plasmids and culture conditions
The 45 P. damselae subsp. damselae strains and one subsp. piscicida strain used in this study are listed in Table 1 . Strains were routinely grown at 25°C on trypticase soy agar supplemented with 1% NaCl (TSA-1). Sheep blood agar plates (Oxoid, Basingstoke, UK) were used for conjugative matings and haemolysis assays. For haemolysis assays on agar plates, a single colony of each strain grown on a TSA-1 plate was picked with the tip of a rounded wooden pick and seeded on the blood agar plate, and pictures were taken after 15 h. Escherichia coli was grown at 37°C in Luria-Bertani (LB) broth and on LB agar. Antibiotics were used at the following final concentrations: gentamycin, (Gm) at 15 lg mL À1 and rifampin (Rf) at 50 lg mL
À1
.
DNA techniques
Genomic DNA was extracted with the Easy-DNA kit (Invitrogen, Carlsbad, CA). PCR screening of haemolysin (dly, hlyA pl , hlyA ch ) and flanking genes (kefA and the oxidoreductase gene) was conducted with primer pairs specifically designed for this study:
, and oxidoreductase (5 0 -TTCAAA GCGAGAAATCCACC-3 0 ; 5 0 -TAATCGGTGGGATGTACG CT-3 0 ). PCR was performed with Kapa Taq DNA polymerase (Kapa, Willmington, MA) using a T-gradient termocycler (Biometra, G€ ottingen, Germany) with the following thermal cycling conditions: 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 57°C for 30 s, and an elongation step of 1 min at 72°C. The expected amplicons were 549 bp (dly), 767 bp (hlyA pl ), 353 bp (hlyA ch ), 340 bp (kefA) and 639 bp long (oxidoreductase gene). The genetic context of the hlyA ch gene was amplified by inverse PCR starting from conserved flanking genes. DNA sequences were determined with the CEQ DTCS-Quick Start Kit and a capillary DNA Sequencer CEQ8000 (Beckman Coulter).
Gene complementation
For gene complementation, hlyA pl and hlyA ch ORFs together with their respective promoter sequences were PCR-amplified with Hi-Fidelity Kapa Taq (Kapa), cloned into pHRP309 vector and mobilized from E. coli S17-1 kpir into the respective Pdd strains as previously described (Rivas et al., 2013a) . For determination of the specific sequence stretches of the hlyA pl gene of strain RM-71 that complement the MH phenotype of strain ATCC 33539, we constructed partial chimeric hlyA pl genes into an ATCC 33539 background. For this, different overlapping hlyA pl gene fragments were PCR-amplified, cloned into the suicide vector pNidKan (Mouriño et al., 2004) and introduced into strain ATCC 33539 by conjugation from E. coli S17-1-k-pir. After insertion of the PCR fragment into the hlyA pl allele of strain ATCC 33539 by a single event of homologous recombination, recombinants were assayed for recovery of the large halo (LH) haemolytic phenotype on sheep blood agar plates.
Molecular phylogenetic analysis
Amino acid sequences of HlyA homologues were aligned using CLUSTALW. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011) , using the maximum-likelihood method based on the Poisson correction model and 100 bootstrap replicates. Bootstrap values higher than 70 are shown.
Accession numbers
DNA sequences have been deposited in the GenBank database under accession numbers KF984030 to KF984038.
Results and discussion
Haemolysin gene distribution in Pdd isolates and its correlation with the haemolytic phenotype
In a previous study we found that Pdd strains can be divided into four categories depending on the width of the haemolytic halo when present (LH, large halo; MH, medium halo; SH, small halo) or on its absence (NH, nonhaemolytic) (Rivas et al., 2011) . Here we screened 45 strains to analyse the presence of the dly, hlyA pl and hlyA ch genes and the results were compared with their haemolytic phenotypes. As shown in Table 1 and Fig. 1(a) , we found that each of the four distinct haemolytic phenotypes can be correlated with a specific gene Mussel, Spain
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LH, large haemolytic halo; MH, medium haemolytic halo; SH, small haemolytic halo; NH, no haemolytic halo.
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This strain contains an hlyA ch pseudogene. *DI-21 is a subsp. piscicida strain. combination. All the LH strains tested positive for the two pPHDD1-encoded haemolysin genes and for hlyA ch , a gene combination that produces the maximum haemolytic activity reported in this subspecies (Rivas et al., 2013a) . The hlyA ch gene proved to be ubiquitous in all the haemolytic strains regardless of their LH, MH or SH phenotype, which suggests that HlyA ch is responsible for haemolysis in strains showing an SH phenotype (Table 1 ). In support of this, we previously demonstrated that deletion of hlyA ch in the naturally plasmidless strain LD-07 caused elimination of detectable haemolysis against sheep erythrocytes (Rivas et al., 2013a) . Finally, among the three plasmidless strains that showed no haemolysis (NH), two tested negative for the three markers (ACRP -72.1 and J3G801), and one (501H) contained a hlyA ch pseudogene.
To find an explanation for the MH phenotypes in pPHDD1-harbouring strains, we complemented strains ATCC 33539 and 402O with hlyA pl or hlyA ch genes from an LH strain (RM-71). We observed that hlyA pl caused a recovery of the LH phenotype in strain ATCC 33539 but not in 402O, whereas complementation with hlyA ch produced a recovery of the LH phenotype in the two strains ( Fig. 1b and c) . To identify candidate substitutions affecting the activity of this protein, we PCR-amplified different fragments of the RM-71 hlyA pl gene, cloned them into the suicide vector pNidKan and selected for recombination of the constructions into the strain ATCC 33539 hlyA pl allele to generate chimeric proteins. Interestingly, recombination of an RM-71 hlyA pl gene PCR fragment encoding the last 50 aa residues into strain ATCC 33539 rendered an LH phenotype (data not shown). Sequence analysis showed only one amino acid change between strains ATCC 33539 and RM-71 in that region of the protein, and corresponded to an alanine substitution of serine at position 575 (24 positions from the C terminus of the protein). This position is located in the C-terminal 14-kDa b-trefoil lectin domain of HlyA pl (Rivas et al., 2011) , and is thought to be related to carbohydrate binding (Zhang et al., 1999) .
These results suggest that MH phenotypes are caused by amino acid substitutions in HlyA pl , HlyA ch or both, which probably decrease the activity of the haemolysins. Together, the results described here clearly show the existence of a correlation between haemolysin gene content and the type of haemolytic halo produced in Pdd.
The genomic context of hlyA ch reveals unexpected gene diversity and contains features related to mobile DNA Identification of nonhaemolytic Pdd strains that test negative for the hlyA ch gene and the fact that the closely related bacterium P. damselae subsp. piscicida is nonhaemolytic on sheep blood agar suggest that the genome region encoding HlyA ch might be a hot spot for insertion-deletion (indel) events. Comparing the genome sequences of subsp. damselae ATCC 33539 (GenBank accession no. ADBS00000000) and subsp. piscicida DI21 (AKYG00000000.1) we found that hlyA ch is located in chromosome I of strain ATCC 33539 within a variable region. This region shows a differential gene content between strains ATCC 33539 and DI21 and is flanked by conserved genes: kefA (encoding a putative ion channel) (VDA_002421 in the strain ATCC 33539 genome annotation) plus two serine tRNA genes, and a oxidoreductase gene (VDA_002412) (Fig. 2) .
To confirm the hypothesis that hlyA ch is located within a variable genome region, we sequenced the DNA flanked by kefA and oxidoreductase genes in eight additional strains, including representatives of the different haemolytic phenotypes. We found that each strain had a unique gene repertoire, with the number of variable genes ranging from two to 12. Nucleotide sequence similarity of the kefA and the oxidoreductase gene among strains was 98%, indicating that they are conserved genes in this species, and PCR screening demonstrated that the two are present in all the P. damselae strains ( Table 1) .
The putative functions encoded by the variable genes are highly diverse (Table 2) , and include hypothetical proteins, transcriptional regulators (AraC-and LysR-type regulators), ATP-binding proteins, DNA metabolism enzymes (timidylate kinases), degradative enzymes (hydrolases and lipases) and functions related to mobile elements (restric- Fig. 2 . Schematic representation of the variable chromosomal region (variable genes represented as white arrows) flanked by the conserved genes kefA and oxidoreductase (represented as black arrows) in nine Photobacterium damselae subsp. damselae strains and one subsp. piscicida (DI-21) strain. Homologous regions are connected by diagonal grey bands between pairs of strains. Two serine tRNA genes (represented by grey arrows upstream from kefA) are present in all strains. This variable region is probably a genome assembly hot spot for indel events, including those that affected hlyA ch gene gain/loss. The haemolytic phenotypes and the genotypes are depicted in the right-hand panels. Note that of the four nonhaemolytic strains, three lack hlyA ch and one (401H) contains an IS element that disrupts hlyA ch (w). Strains RG-91, 4020, ATCC 33539 and RM-71 harbour plasmid pPHDD1. tion endonucleases, phage integrases, Rhs elements and insertion sequences). Three genes in strain RG-91, dgt, dprA and recQ, encode functions related to the processing of single-strand DNA following transformation. A transposase gene truncating hlyA ch in strain 501H is likely to be the cause of the lack of haemolytic phenotype in this strain (Fig. 2) . Some pairwise comparisons between strains suggest that genes have been inserted or deleted during evolution. Strains LD-07 and ACRP-72.1 share a unique cluster of five genes, but LD-07 has an additional six-gene cluster that includes hlyA ch (Fig. 2) . Overall, this variable region might be considered as a genome assembly hot spot where indel events have occurred, including those that affected hlyA ch acquisition or loss. Similar situations of putative genome assembly hot spots have been reported recently in other species, as for Oenococcus oeni genes encoding phosphotransferase functions (Jamal et al., 2013) . Coinfection of marine animals (Zhao et al., 2009; Labella et al., 2010) and humans (Clarridge & Zighelboimdaum, 1985) with different phenotypes of Pdd simultaneously in a host has been demonstrated. It is thus tempting to hypothesize that some genetic variants in the hlyA ch region may have originated by recombination between different Pdd strains coexisting in the same host, in a similar way as described for Helicobacter pylori (Didelot et al., 2013) .
The presence of genes related to DNA mobility as integrases, insertion sequences, Rhs elements and tRNA genes (Table 2) suggests that mobile elements may have driven the hypervariability in this genomic region. It is well known that tRNA genes play a general role in DNA (Hou, 1999) and direct repeats and insertion elements flanking pathogenicity islands often overlap with or are close to tRNA genes (Blum et al., 1994) . A comparative analysis between Salmonella enterica and E. coli isolates showed that the region associated with tRNA leuX is extremely variable, often encoding completely unrelated DNA sequences and genes among strains (Bishop et al., 2005) . This is the case of the hlyA ch -containing DNA region in P. damselae, where there is no apparent relationship among genes. Close homologues of the variable genes belong to different species, and many of them share little or no relationship to Photobacterium or Vibrio genes ( Table 2) .
One characteristic of mobile elements is the presence of repetitive DNA flanking their sequences (Blum et al., 1994) . By analysing the variable DNA regions close to hlyA ch we found immediately downstream of the two serine tRNAs a 7-pb DNA sequence (GCAATAC) that occurs either in single copy or in multicopy in all strains tested (Fig. 3) . Interestingly, while the hlyA ch -negative subsp. piscicida strain DI-21 contained a single copy of this heptamer, the subsp. damselae strains RM-71 and LD-07 showed two copies of this heptamer flanking the hlyA ch gene as a discrete DNA module, and in the case of LD-07 there was an extra copy of this heptamer (Fig. 3) . Pdd strain ATCC 33539 also showed this 7-pb repeat flanking hlyA ch and cds8 genes.
Integrated genomic islands are usually located downstream of a tRNA locus and repetitive sequences comprising 20-30 nt of the 3 0 end of the tRNA are usually found (Dufour et al., 2011) . Interestingly, we observed that strain LD-07 shows two direct repeats that correspond to partial serine tRNA sequences of 26 bp (Fig. 3) , between CDS2 and CDS3 and between CDS10 and CDS11. Interestingly CDS11 is a pseudogene of an integrase, and it is well known that integrase genes are commonly associated with tRNA genes in genomic islands. Strain ACRP-72.1 also contains this 26-bp partial tRNA sequence between CDS2 and CDS3 (Fig. 3) , a trait that is conserved between LD-07 and ACRP-72.1 together with a collection of five genes of the variable fraction. Due to the presence of genes related to DNA mobility (integrases, transposases, tRNA loci) and to recombination processes and point mutations, genomic islands constantly undergo structural Fig. 3 . Detailed scheme of the chromosome region containing the variable loci flanked by the conserved genes kefA and oxidoreductase in five of the strains studied, highlighting DNA features putatively related to insertion of foreign DNA. The copies of the heptamer GCAATAC are denoted by a vertical black bar pinpointed by a vertical black arrow. Note that this heptamer occurs once in DI-21 and ACRP-72.1, twice in RM-71 and ATCC 33539, and three times in LD-07. The 'partial tRNA' sequence repeated in strains ACRP-72.1 and LD-07 and the corresponding homologous sequence in the complete tRNA gene are also highlighted.
changes (Schneider et al., 2011) . In Bradyrhizobium japonicum, duplications of fragments of tRNA genes, flanked by DNA insertions ranging from 4 to 97 kb, have been found along the genome, strongly suggesting that insertion of DNA elements into tRNA genes took place (Kaneko et al., 2002) . Thus, the repeated 26-bp sequence of a partial tRNA gene found in Pdd might represent a scar of former genomic islands that have undergone events of DNA insertions and losses that led to the current gene composition.
Phylogenetic analysis suggests that hlyA pl and hlyA ch have originated by gene duplication within Pdd following acquisition by horizontal transfer Homologues of the Pdd HlyA proteins are encoded in several species of Vibrionaceae and Aeromonadaceae, most of them pathogenic for marine animals and some opportunistic human pathogens. In the present study we constructed a phylogenetic tree with the sequences of ten Pdd HlyA proteins (seven HlyA ch and three HlyA pl ) and with HlyA homologues from other species, retrieved from protein databases (Fig. 4) . The large genetic distance that separates the HlyA homologues from different species suggests a long-term association of hlyA genes with Vibrionaceae and Aeromonadaceae species.
Phylogenetic analysis yielded two well-defined branches in Pdd, one comprising HlyA ch sequences and one that includes HlyA pl sequences (Fig. 4) . The high similarity at both the nucleotide and the amino acid levels between the two HlyA toxins of Pdd compared with their homologues in other species suggests that the two gene versions, hlyA ch and hlyA pl , have originated from a gene duplication event and started to diverge within Pdd upon acquisition of the original gene copy by horizontal transfer. It is interesting to note that so far no plasmid-borne hlyA homologues have been found outwith Pdd. In addition, while hlyA ch is located in chromosome I of Pdd, other Vibrionaceae species harbour this gene in chromosome II, such as Vibrio anguillarum (Naka et al., 2011) , Vibrio cholerae (Heidelberg et al., 2000) and Vibrio fluvialis (Khatri et al., 2013) .
The location of the hlyA pl gene immediately upstream of the damselysin toxin-encoding gene dly in plasmid pPHDD1 seems to obey to a selection pressure for maintaining (and hence for coregulating) together two genes whose products have been demonstrated to act in a synergistic manner to produce haemolysis (Rivas et al., 2013a) . The plasmid location of hlyA pl and the strong variability of the genetic context surrounding hlyA ch might support the hypothesis of acquisition of the hlyA gene by horizontal transfer and a further gene duplication event.
Conclusions
The three haemolysins are encoded within unstable genome regions, namely plasmids and potential genome assembly hot spots that have contributed to strain differentiation and subspecies evolution in Pdd. Phylogenetic analysis suggests that hlyA pl and hlyA ch originated by gene duplication within Pdd. These observations, together with the differential distribution of plasmid pPHDD1 among Fig. 4 . Molecular phylogenetic analysis of Photobacterium damselae subsp. damselae pPHDD1 plasmid-and chromosome I-encoded HlyA proteins and of homologues in Vibrionaceae and Aeromonadaceae species, with the maximum-likelihood method (log likelihood -3591.8451) with 100 bootstrap replicates. Bootstrap values higher than 70 are shown. Vibrio cholerae cytolysin VCC was used as an external group. GenBank sequence identification numbers (GI) are shown in parentheses. Information on the chromosomal location of the hlyA gene is provided (Chr II, chromosome II; Chr, bacteria with a single chromosome; ?, location unknown). The tree is drawn to scale, with branch lengths measured according to the number of substitutions per site.
strains, suggest that horizontal gene transfer has played a main role in shaping the haemolysin gene baggage in this pathogen.
